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Exercise training has been shown to reverse old age-related reductions in NO bioavailability and improve endotheliumdependent vasodilation. In skeletal muscle arterioles of both young and aged rats, exercise training increases eNOS protein expression and enhances endothelium-dependent vasodilation (51) . Additionally, exercise training has been reported to increase vascular expression of superoxide dismutase (SOD), the predominant regulator of cellular O 2 Ϫ , in large conduit arteries. Rush et al. (46) demonstrated that in aortic endothelial cells from young pigs, SOD-1 protein abundance and activity increased with training. Although SOD-1 expression declines with age in skeletal muscle (65) and mesentery (53) resistance arteries, the interactive effects of age and exercise training on the expression of antioxidant proteins have not been thoroughly investigated in the skeletal muscle resistance vasculature.
Therefore, the purpose of this study was to determine the role of O 2 Ϫ -derived ROS in mediating endothelium-dependent vasodilation in skeletal muscle resistance arterioles from young and old, sedentary and exercise-trained rats. We tested the hypothesis that age-related increases in O 2 Ϫ -derived ROS would contribute to endothelium-dependent vasodilation of skeletal muscle arterioles, despite an overall decline in endothelial function. We further hypothesized that exercise training would improve endothelium-dependent vasodilation, in part, through improved regulation of O 2 Ϫ -derived ROS signaling.
MATERIALS AND METHODS
Animals. All procedures in this study were approved by the Institutional Animal Care and Use Committees at West Virginia University and University of Florida. All methods complied fully with guidelines set in the Guide for the Care and Use of Laboratory Animals [National Institutes of Health (NIH), revised 1996]. Young (3 mo) and old (22 mo) male Fischer 344 rats were obtained from Harlan (Indianapolis, IN), housed under a 12:12-h light-dark cycle, and given food and water ad libitum. Fischer 344 rats were chosen because cardiovascular function decreases with age in these rats, without the development of atherosclerosis or hypertension.
Exercise training. Rats were habituated to treadmill exercise by walking on a motor-driven treadmill at 5 m/min (0°incline), 5 min/day, for 3 days. Young and old rats were randomly assigned to either a control sedentary (SED) group (young SED, n ϭ 55, and old SED, n ϭ 49) or an exercise-trained (ET) group (young ET, n ϭ 48, and old ET, n ϭ 35). ET rats performed treadmill exercise at 15 m/min (15°incline), 5 days/wk, for 10 -12 wk. The duration of exercise was gradually increased in the first 3 wk until a 60-min duration was reached. The rats continued to exercise 5 days/wk for 60 min/day for the remainder of the 10-to 12-wk training period. Only rats that completed the entire 10-wk training protocol were used to study vascular responses. Vascular responses were determined at least 24 h after the last exercise bout in ET rats (51) . To determine the efficacy of the training protocol, the soleus muscle was stored at Ϫ80°C for determination of citrate synthase activity, a measure of muscle oxidative capacity.
Microvessel preparation. Rats were anesthetized with isoflurane (3%/O 2 balance) and euthanized by decapitation. The gastrocnemiusplantaris-soleus muscle group was dissected free from both hindlimbs and placed in a cold (4°C), filtered physiological saline solution (PSS), as previously described (38, 51) . With the aid of a dissecting microscope, first-order (1A) arterioles were dissected free of the soleus muscle, which is composed primarily of high-oxidative fibers, as described previously (38) . The arterioles were then transferred to a chamber containing PSS with 1% albumin (pH 7.4) equilibrated with room air. Each end of the arteriole was cannulated with micropipettes filled with PSS-albumin solution and secured with nylon suture. The chamber was placed on the stage of an inverted microscope, equipped with a video camera and video caliper. Arterioles were pressurized via two independent reservoirs and checked for leaks. If leaks were present, the arterioles were discarded. Vessels that were free from leaks were pressurized to 70 cmH 2O, gradually warmed to 37°C, and allowed to develop spontaneous tone during an initial 1-h equilibration period. A minimal level of 20% spontaneous tone was required to assess vasodilatory responses. The bathing solution was changed every 20 min during the course of each experiment. At the end of all experiments, arterioles were placed in Ca 2ϩ -free PSS with 100 M of the NO donor, sodium nitroprusside, for 1 h to determine maximal passive diameter (35, 37, 38) .
Evaluation of vasodilator responses. Once steady tone was achieved, vasodilator responses to the cumulative addition of the endotheliumdependent vasodilator acetylcholine (ACh, 10 Ϫ9 -10 Ϫ4 M, 3-min exposure at each consecutive dose) were determined. To evaluate vascular smooth muscle responsiveness to exogenous NO, a concentration-response relationship for diethylamineNONOate (Dea-NONOate, 10
Ϫ9
-10 Ϫ3 M) was determined. Evaluation of inhibitory effects of tempol, catalase, tempol ϩ catalase, deferoxamine, tempol ϩ deferoxamine, FeTPPS, and NADPH oxidase. To determine the role O 2 Ϫ and O 2 Ϫ -derived ROS in endotheliumdependent vasodilation, responses to ACh were evaluated after a 20-min incubation with the following: 1) SOD mimetic tempol (100 M) (7); 2) H 2O2 scavenger, catalase (100 U/ml) (14, 15); or 3) tempol (100 M) plus catalase (100 U/ml). To determine the impact of NADPH oxidase-derived ROS, ACh-induced vasodilation was determined following a 20-min incubation with the NADPH oxidase inhibitors 1) apocynin (100 M) (47, 69) or 2) gp91ds-tat (50 M, gift from Dr. Robert Brock) (45 
Evaluation of OONO
Ϫ with hydroxyphenyl fluorescein. ACh-induced increases in OONO Ϫ were detected using the cell-permeable fluorescent probe, hydroxyphenyl fluorescein (HPF). HPF (100 M), in albumin-free PSS, was introduced into the arteriolar lumen via flow, followed by a 1-h incubation. At the beginning of each experiment, a baseline image of the loaded vessel was recorded. ACh (100 M) was administered intraluminally, and fluorescence images were captured at 0-, 3-, 6-, 10-, 30-, 60-, 120-, and 180-s time points following introduction to the lumen. Vessels were then reincubated with HPF (100 M) for 30 min. Dea-NONOate (100 M) and pyrogallol (10 M) were added to the vessel simultaneously to assess the HPF fluorescence signal generated by exogenous ONOO Ϫ . Responses to ACh and exogenous ONOO Ϫ (Dea-NONOate ϩ pyrogallol) were reevaluated following incubation with FeTPPS (10 M). To demonstrate that the lack of increase in HPF fluorescence in the presence of FeTPPs was due to scavenging of ONOO Ϫ and not photo-bleaching of HPF, vessels were reexposed to exogenous ONOO Ϫ after washing away FeTPPS. A user-defined region of interest (ROI) of the central portion of each vessel was analyzed for fluorescence intensity using ImageJ software (NIH). Basal fluorescence levels varied among ROIs and in different experiments. Therefore, after background subtraction, changes in fluorescence intensity were defined as (F Ϫ F0)/F0, where F is peak fluorescence intensity and F0 is baseline fluorescence intensity. For each vessel, baseline and peak fluorescence intensity values were measured within the same ROI, in the same focal plane.
Immunoblot analysis of soleus muscle arteriolar protein. Differences in SOD-1, catalase, and glutathione peroxidase-1 (GPx-1) protein content in soleus muscle feed arteries were assessed by immunoblot analysis. Feed arteries were used in these analyses due to limitations of tissue volume in soleus muscle 1A arteriolar samples; however, aging-and training-induced adaptations of feed arteries generally parallel those of 1A arterioles (59, 66) . Vessels were isolated, snap frozen, and stored at Ϫ80°C. Vessels were lysed in sample buffer, electrophoresed (10% SDS-PAGE), and transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature (5% nonfat dry milk) and then incubated overnight at 4°with primary antibodies for SOD-1 1:5,000 (Stressgen), catalase 1:6,000 (Chemicon), and GPx-1 1:4,000 (Abcam) or ␤-actin 1:2,000 (Cell Signaling Technologies). After washing, membranes were incubated with respective horseradish peroxide-conjugated secondary antibody for 1 h at room temperature. Peroxidase activity was determined using SuperSignal West Femto (Pierce), with image analysis performed using ImageJ (NIH). Loading differences were normalized by expressing all data as densitometric units for protein of interest relative to ␤-actin.
Data analysis. Spontaneous tone was calculated as a percent constriction in relation to maximal diameter, as determined by the following equation:
where DM is the maximal diameter recorded at 70 cmH2O, and DT is the steady-state baseline diameter recorded at the same pressure. The vasodilator responses are expressed as percent relaxation as calculated by the formula:
where DS is the arteriolar diameter measured after addition of each dose of the drug being tested; DB is the diameter recorded immediately before initiation of the concentration-diameter curves; and DM is the maximal diameter for the arteriole. Concentration-diameter curves were evaluated by a three-way ANOVA with repeated measures on one factor, to detect differences within concentrations and between experimental groups. Group differences in animal and vessel characteristics, citrate synthase activity, and protein content of SOD-1, catalase, or GPx-1 were assessed by two-way ANOVA. In all experiments, n indicated the number of animals studied. Data are expressed as means Ϯ SE. Statistical significance was defined as P Յ 0.05.
RESULTS

Animals.
Body mass increased with age (Table 1) . Exercise training resulted in lower body mass in both young and old rats. Soleus muscle mass increased with age, but was unchanged by exercise training (Table 1) . Soleus muscle mass-to-body mass ratio decreased with age and increased with exercise training (Table 1) . Exercise training increased citrate synthase activity by 18.3% in soleus muscle of young rats, and by 20.1% in soleus muscles of old rats, confirming the efficacy of the exercise training regimen, as previously reported (51).
Vessel characteristics. Maximal diameter and spontaneous tone of soleus muscle arterioles were not different among groups (Table 1) . Drug treatments did not alter tone in any group, with the exception of tempol ϩ deferoxamine, which reduced tone in arterioles from aged ET rats (Table 1) .
Endothelium-dependent vasodilation to ACh. ACh-induced vasodilation was impaired in soleus muscle arterioles from old SED rats, confirming previous results (38, 51) (Fig. 1 ). Exercise training restored ACh-induced vasodilation in soleus muscle arterioles from old rats to that of young SED rats and increased maximal ACh-induced dilation in arterioles from young rats (Fig. 1) . . Furthermore, tempol eliminated the agerelated differences in SED rats ( Fig. 2A ), suggesting that a reduction of O 2 -mediated signaling contributes to the old age-associated impairment in endothelium-dependent vasodilation. Tempol reduced ACh-induced vasodilation in arterioles from young and old ET rats, nearly eliminating the dilation in arterioles from old ET rats. These results suggest that the age-related reduction of O 2 Ϫ -mediated signaling is reversed by exercise training (Fig. 3A) . Removal of H 2 O 2 by catalase reduced ACh-induced vasodilation in all groups of rats (Figs. 2B and 3B), indicating that H 2 O 2 contributes significantly to endothelium-dependent vasodilation in skeletal muscle arterioles. In arterioles from old, but not young, SED rats, catalase nearly eliminated vasodilation, suggesting that the contribution of H 2 O 2 to endothelium-dependent vasodilation increases with age ( Fig. 2B ). This old age-related increase in H 2 O 2 signaling was reversed by exercise training (Fig. 3B ). Simultaneous Values are means Ϯ SE; n, no. of rats. Nos. in parentheses, no. of vessels. SED, sedentary; ET, exercise trained. *Age effect, †ET effect, and #treatment effect compared with corresponding subgroup of vessels: P Ͻ 0.05. Contribution of NADPH oxidase-derived ROS to ACh-induced vasodilation. Inhibiting NADPH oxidase-derived ROS with apocynin reduced ACh-induced vasodilation in young and old, SED and ET rats (Fig. 4, A and B) . A specific inhibitor of the gp91phox subunit of NADPH oxidase, gp91ds-tat (45), also reduced ACh-induced dilation (Fig. 4, C and D) . These data suggest that O 2 Ϫ -derived ROS are necessary for endothelium-dependent vasodilation to proceed in skeletal muscle arterioles.
Vasoreactivity (Fig. 5A) . O 2 Ϫ generated by the auto-oxidation of pyrogallol (29, 30) did not elicit a vasoactive response in arterioles from either young or old SED rats (Fig. 5B) . In arterioles from young ET, but not old ET rats, exogenous generation of extracellular O 2 Ϫ elicited a slight vasoconstriction, suggesting that basal NO release increases with exercise training in arterioles from young rats and is scavenged by pyrogallol-released O 2 Ϫ .
Contribution of OH
Ϫ , H 2 O 2 , and ONOO Ϫ to ACh-induced vasodilation. The iron chelating agent deferoxamine reduces vascular oxidative stress through inhibition of hydroxyl radical production via the Fenton/Haber-Weiss reaction and through inhibition of NADPH oxidase activity (56) . Treatment of soleus muscle arterioles with deferoxamine alone inhibited ACh-induced vasodilation in arterioles from young and old SED rats (Fig. 6A ) and in those from old ET rats, but not in arterioles from young ET rats (Fig. 7A) . Deferoxamine reversed tempol-induced inhibition of ACh-mediated dilation in arterioles from young ET rats (Fig. 7B) , but did not alter the inhibitory effects of tempol in arterioles from the other groups of rats (Figs. 6B and 7B) . Thus, in arterioles from young ET rats, deferoxamine appears to primarily prevent OH Ϫ forma- tion from H 2 O 2 , whereas, in arterioles from old ET rats and from SED rats of either age, deferoxamine may inhibit NADPH oxidase activity (56), contributing to a reduction of ACh-induced vasodilation, despite prevention of OH Ϫ formation (Figs. 6B and 7B) .
Decomposition of ONOO Ϫ with FeTPPS reduced AChinduced vasodilation in young and old, SED and ET rats (Figs. 6C and 7C), suggesting endothelial NO and O 2 Ϫ react to form ONOO Ϫ , which may act as an NO donor to the underlying smooth muscle (40, 54) .
ACh-stimulated ONOO Ϫ production. Following intraluminal application of 100 M ACh, peak HPF fluorescence increased by 9% above baseline values (Fig. 8) , indicating that ACh stimulates significant production of ONOO Ϫ in soleus muscle arterioles. Generation of exogenous ONOO Ϫ , by simultaneous addition of pyrogallol and Dea-NONOate, increased peak HPF fluorescence by ϳ7%. FeTPPS eliminated the ONOO Ϫ -induced increase in HPF fluorescence, indicating the specificity of its action in decomposing ONOO Ϫ (Fig. 8) .
Vasodilation to exogenous NO. Confirming previous findings (38), endothelial-independent vasodilation to exogenous NO was preserved with age. Exercise training increased vasodilation of skeletal muscle arterioles at concentrations of 10 Ϫ7 M Dea-NONOate in both young and old rats (Fig. 9A) . Scavenging of O 2 Ϫ with tempol had no effect on endothelium-independent vasodilation in arterioles from young and old SED rats or old ET rats, but improved endothelium-independent vasodilation in young ET rats (Fig. 9, B and C) . Thus the old agerelated reduction of NO bioavailability in skeletal muscle arterioles is not likely the result of increased scavenging of extracellular NO by excess extracellular O 2 Ϫ . SOD-1, catalase, and GPx-1 protein levels. SOD-1 protein levels were not different between arterioles from young and old SED rats. Exercise training increased SOD-1 protein levels by 130% in arterioles from young rats and by 85% in arterioles from old rats (Fig. 10A) . Catalase protein levels were not different between arterioles from young and old SED rats. Exercise training increased catalase protein by 81% in arterioles from young rats (Fig. 10B) . GPx-1 protein levels in arterioles were unaffected by age; however, exercise training increased GPx-1 protein levels in arterioles from old rats by 66% (Fig. 10C) .
DISCUSSION
This study confirms previous reports of age-induced impairment of endothelium-dependent vasodilation (8, 38) and restoration of endothelial function by exercise training (51) . New findings from this study demonstrate that ROS are essential mediators of endothelium-dependent vasodilation in skeletal muscle arterioles. The results of this study confirm our previous observations that alterations of ROS signaling are critical to age-and training-induced adaptations of endothelial function in the skeletal muscle resistance vasculature. Importantly, our present data provide novel data implicating ONOO Ϫ as a significant contributor to endothelium-dependent vasodilation in skeletal muscle arterioles and indicate that signaling mediated by both ONOO Ϫ and H 2 O 2 relies on upstream production of endothelial O 2 Ϫ . Furthermore, the dependence of endotheliumdependent vasodilation on H 2 O 2 signaling increases with age, whereas the contribution of NO and ONOO Ϫ to endotheliumdependent vasodilation increases with exercise training. In addition, our data indicate that, although aging does not reduce the expression of antioxidant proteins in soleus muscle arterioles, exercise training increases the expression of SOD-1, catalase, and GPx-1 protein in arterioles from young and old rats. When considered in aggregate, the present data reveal the critical role of ROS signaling in endothelium-dependent vasodilation and emphasize the importance of adaptations of ROS regulatory mechanisms in the endothelium of skeletal muscle arterioles.
Age-related differences in ACh-induced vasodilation were eliminated by scavenging O 2 Ϫ with the exogenous SOD mimetic tempol ( Fig. 2A) , indicating that alterations of O 2 Ϫ signaling contribute to old age-associated impairment of endothelium-dependent vasodilation. The finding that tempol reduced vasodilation of skeletal muscle arterioles from all groups of rats was not unexpected; our laboratory has previously shown that tempol reduces flow-induced vasodilation in skeletal muscle arterioles from old SED and young and old ET rats (47). In addition, Marvar et al. (32) have reported that locally generated ROS contribute to functional vasodilation. In coronary arterioles, tempol-induced impairment of flow-induced vasodilation is reversed by treatment with deferoxamine (22) , suggesting that addition of exogenous SOD results in excessive production of H 2 O 2 and cytotoxic OH Ϫ through activation of Fenton chemistry (42) . In the present study, tempol inhibition of ACh-induced vasodilation was reversed by deferoxamine in arterioles from young ET rats, suggesting a similar overpro- 
duction of H 2 O 2 and OH
Ϫ occurs when exogenous SOD overwhelms endogenous catalase in these arterioles. In contrast, deferoxamine did not reverse the effects of tempol in arterioles from old rats, and deferoxamine alone inhibited ACh-induced vasodilation in arterioles from young and old SED rats and in arterioles from old ET rats. This effect of deferoxamine may be due to direct impairment of NADPH oxidase (56) (Fig. 11 ). This simultaneous scavenging of both O 2 Ϫ and H 2 O 2 eliminated endothelium-dependent vasodilation in old SED rats (Fig. 2C) , supporting our hypothesis that, although endothelium-dependent vasodilation is diminished with old age, O 2 Ϫ -derived ROS are necessary for vasodilation in old SED rats. Our laboratory's previous study indicated that age diminishes authentic NO-mediated vasodilation in skeletal muscle arterioles (47) , and this finding is reinforced by our present finding that, in arterioles from young SED and ET rats, vasodilation to ACh remained during simultaneous scavenging of both O 2 Ϫ and H 2 O 2 (Figs. 2C and 3C) , indicating a contribution of O 2 Ϫ -independent signaling that is most likely due to direct NOmediated vasodilation. Direct measures of NO in ACh-stimulated vessels treated with ROS inhibitors will be needed to verify that this residual dilation results from authentic NO signaling. O 2 Ϫ is derived from several sources in the endothelium, including eNOS (14, 62) , mitochondria (27) , xanthine oxidase (64) , and NADPH oxidase (5) . NADPH oxidase-derived ROS increase with age in animals (25) and humans (11) and are associated with decreases in endothelial function in large conduit arteries (11, 28) . In contrast, our present data show that inhibition of NADPH oxidase-derived ROS impaired endothelium-dependent vasodilation in skeletal muscle arterioles from all groups (Fig. 4, A-D) . Our results are, however, in agreement with reports that NADPH oxidase-derived ROS are required for endothelium-dependent vasodilation in skeletal muscle and coronary arterioles (16, 47) . Trott et al. (60) reported that inhibition of NADPH oxidase reduced AChinduced vasodilation in soleus feed arteries from young, but not old, rats. In carotid arteries, inhibition of NADPH oxidase also reversed the old age-related impairment in ACh-induced vasodilation (48) , suggesting that vascular bed specificity may be an important determinant of ROS signaling. Together, these findings support the notion that NADPH oxidase-derived ROS may act as an important signaling molecule necessary for maintaining endothelium-dependent vasodilation in small resistance arterioles.
H 2 O 2 is emerging as an important vasodilator and signaling molecule in the vasculature (7) . Previous work has shown in isolated coronary arterioles that endothelium-derived H 2 O 2 contributes to flow-induced vasodilation (21, 22) . In the present study, the contribution of H 2 O 2 to endothelium-derived vasodilation was more pronounced in arterioles from old SED rats (Fig. 2B ). This increased dependence on H 2 O 2 was reversed by exercise training in arterioles from old rats (Fig. 3B) . H 2 O 2 has been labeled as an endothelium-derived hyperpolarizing factor because it is produced by the endothelium and elicits vascular smooth muscle relaxation through activation of Ca 2ϩ -dependent K ϩ channel activation (31, 34) . In pulmonary (4), cerebral (64) , and mesenteric (33) vascular beds, exogenous H 2 O 2 causes vasodilation. Although the present results do not indicate the mechanism through which H 2 O 2 induces vasodilation in the vascular smooth muscle, the findings that neither age nor exercise training altered responsiveness of soleus muscle arterioles to exogenous H 2 O 2 ( Fig. 5A) suggest that age-related adaptations in H 2 O 2 signaling are confined to the endothelium and occur due to changes in endogenous production and/or generation of H 2 O 2 .
Previous findings indicate that old age reduces NO-mediated vasodilation, whereas exercise training promotes endothelial signaling through NO (51) . In arterioles from old rats, exercise training appears to promote less dependence on H 2 O 2 signaling and greater dependence on NO signaling, similar to signaling in arterioles from young rats. In addition, this study reveals that in arterioles from both young and old rats, ONOO Ϫ may function as an endogenous NO donor, similar to reports in coronary arteries and the feline hindlimb vasculature (26, 40) . Although ONOO Ϫ is less potent than NO in producing relaxation of vascular smooth muscle (26) , our results indicate that decomposition of ONOO produces rapid and dose-dependent relaxation, but is less potent than NO (24, 26) . ONOO Ϫ appears to induce vascular relaxation by at least two mechanisms. Chemiluminescence analysis indicates that ONOO Ϫ initially induces relaxation by generation of small quantities of NO (23, 44) . Prolonged relaxation to ONOO Ϫ is likely to occur when it reacts with tissue sulfhydryls to form nitrosothiols, which can serve as NO donors, stimulating guanylate cyclase in vascular smooth muscle (26, 67) . Vasodilatory responses to ONOO Ϫ in coronary, pulmonary, and systemic vascular beds are inhibitible by NO scavengers and blockers of guanulate cyclase, suggesting that relaxation to ONOO Ϫ is mediated by NO or NO donors (6, 24, 40, 41, 44, 63) . Our novel findings support the idea that endothelium-dependent vasodilators activate a signaling pathway in which O 2 Ϫ and NO combine to produce ONOO Ϫ (Fig. 11 ) and subsequent relaxation of the vascular smooth muscle in skeletal muscle resistance arterioles (61) . Surprisingly, our present experiments suggest that ONOO Ϫ increases similarly in the vascular wall in response to either ACh stimulation or through exogenous generation of ONOO
Ϫ
. Further experiments will be needed to determine the cellular mechanisms by which ONOO Ϫ stimulates smooth muscle relaxation of these arterioles.
Although O 2 Ϫ generation and oxidant stress increase with exercise (1), exercise training restores endothelium-dependent vasodilation in old rats [present study (51) ]. The increase in oxidant stress associated with exercise likely contributes to enhanced O 2 Ϫ and O 2 Ϫ -derived ROS signaling in the endothelium of skeletal muscle arterioles of ET rats (Fig. 3) . The enhanced regulation of O 2 Ϫ and O 2 Ϫ -derived ROS may depend on protein levels and activities of antioxidant enzymes. For example, Rush et al. (46) demonstrated in aortic endothelial cells from young pigs that SOD-1 protein abundance and activity increased with training, but had no effect on catalase content. In the present study, exercise training increased SOD-1 protein levels in skeletal muscle arterioles from young and old rats (Fig. 10A) , indicating that more H 2 O 2 was produced in the vasculature of ET rats. Exercise training also increased catalase levels in young rats (Fig. 10B) , conceivably in response to increased SOD-mediated generation of H 2 O 2 . Similarly, exercise training increased GPx-1 content in old rats (Fig. 10C) , possibly in response to training-induced increases in SOD content and generation of H 2 O 2 . Thus enhancement of endothelial function by exercise training may result, in part, from a training-induced upregulation of antioxidant proteins that regulate intracellular levels of necessary ROS signaling molecules.
Reduction of O 2
, whether through inhibition of NADPH oxidase or scavenging with tempol, significantly reduced AChmediated vasodilation, suggesting that O 2 Ϫ may act as a direct vasodilator of soleus muscle arterioles. In cerebral arterioles, O 2 Ϫ acts as a direct vasodilator (49) . To test the possibility that O 2 Ϫ directly dilates soleus muscle arterioles, we assessed responses of soleus muscle arterioles to increasing concentrations of pyrogallol, which produces O 2 Ϫ by auto-oxidation (30) . The addition of exogenous O 2 Ϫ had no vasodilator effect in any group of rats (Fig. 5B) , suggesting that O 2 Ϫ is not acting directly to cause vasodilation of vascular smooth muscle; however, since we did not have the means to measure O 2 Ϫ in the bathing medium, we cannot assume that the levels of O 2 Ϫ generated by pyrogallol did not surpass the physiological range, producing mixed vasodilatory and vasoconstrictor effects. Tempol did not alter responsiveness to Dea-NONOate in any group except young ET (Fig. 9, B and C) , suggesting that tempol did not produce nonspecific impairment of vascular smooth muscle function. These results also suggest that reduced NO bioavailability that occurs with old age in skeletal muscle arterioles is probably not the result of increased scavenging of NO by extracellular O 2 Ϫ . Together, these data indicate that O 2 Ϫ is necessary for intracellular endothelial signaling to proceed, possibly through direct vasodilatory effects, or through O 2 Ϫ -derived H 2 O 2 and/or ONOO Ϫ production. Our study provides insight into mechanisms that contribute to alterations of blood flow regulation in skeletal muscle with aging and regular exercise training; however, the interpretation of our data may be limited by our experimental approach in which we studied the role of NO and ROS in vascular signaling only in arterioles from the highly oxidative soleus muscle (1). Aging is associated with a redistribution of blood flow away from highly oxidative muscles such as the soleus and red portion of the gastrocnemius muscle during walking exercise toward the more highly glycolytic muscle, such as the white portion of gastrocnemius muscle (39) . This flow redistribution is mediated, at least in part, by diminished NO contribution in the vasculature of highly oxidative muscles (20) . Our present data would suggest that this loss of NO contribution may be due, in part, to the loss of authentic NO, but may also be due to the loss of vasodilation mediated by other sources of NO, namely ONOO Ϫ . However, these vascular data from a highly oxidative muscle may not be applicable to other muscles of varying fiber composition and oxidative capacity. In our laboratory's recent work (3), exercise training increased vascular conductance and blood flow to the red, oxidative portion of the gastrocnemius muscle of old rats, whereas vascular conductance to the highly glycolytic white portion of the gastrocnemius decreased. In resistance arteries isolated from highly oxidative soleus muscle, age-and exercise training-induced adaptations of endothelium-dependent vasodilation are mediated predominantly by alterations in NO synthase (NOS) regulation and signaling (8, 38, 47, 51, 65) , whereas alterations in prostanoid signaling contribute significantly to changes in endothelium-dependent vasodilation in arterioles isolated from the white glycolytic portion of the gastrocnemius muscle (38, 52) .
Blood flow distribution within and among muscles composed of different fiber types is influenced by numerous factors at rest and during exercise (9) . For example, recent work has shown that the magnitude of control of muscle perfusion through the sympathetic nerves and adrenergic receptors is relatively small across a range of flows at rest and during exercise in the highly oxidative soleus and red gastrocnemius muscles, whereas modulation of sympathetic nerve activity has the potential to control the entire range of perfusion in highly glycolytic white muscle (2) . With old age, adrenergic receptormediated vasoconstriction is enhanced due to an impairment of the endothelial cell ␣-adrenoreceptor-NOS signaling mechanism in soleus muscle arterioles, but not in arterioles from highly glycolytic white portion of the gastrocnemius muscle (12) . Exercise training, however, was shown to attenuate adrenergic vasoconstriction through augmented endothelial ␣-adrenoreceptor-mediated NO vasodilator function in both muscle types (12) . Other vasoconstrictor mechanisms that are likewise modulated by endothelial cell NOS signaling, such as through endothelin and angiotensin II, are also differentially affected by aging and exercise training in muscles composed of different fiber types (13, 43) . Thus, further work will be needed to determine whether signaling that occurs through ROS and NO contributes to age-and exercise training-induced adaptations of vascular reactivity that occur in glycolytic muscles and that are critical to altered distribution of blood flow at rest and during exercise.
This study implicates O 2 Ϫ -derived H 2 O 2 and ONOO Ϫ as signaling molecules required for endothelium-dependent vasodilation in soleus muscle arterioles. The dependence of endothelium-dependent vasodilation on H 2 O 2 increases with age and decreases with exercise training. Our results suggest that the relative levels of NO, O 2 Ϫ , and the product of the reaction of these two reactive species, ONOO Ϫ , are regulated by exercise training. The balance between the vasodilation produced by NO, H 2 O 2 , and ONOO Ϫ is critical to maintenance of endothelial function with advancing age.
